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5 Conclusions 
Other algorithms like LMS decorrelates system output from a reference noise signa! a.nd 
removes noise components of the primary input signal based on sec~nd-or~er stat~stlcs 
only. However, there may exist many other comp~nents in the p.n~ary Input signal 
which depend on the noise reference signal through higher-order statistiCS. 
In this paper, a method that improves SNR of di~sel engine air-borne sou~d by ~sing 
ICA was presented. This method can remove nOise components of the pnmary Input 
signal based on statistical independence, which incorporates both second-order and 
higher-order statistics. 
Changes in exhaust valve clearance affect the cylinder pressure an~ the overall engine 
induces noise, but it was not possible to detect these changes USIng power spectru~ 
analysis due to the background noise especially when the measurements are taken In 
normal environment without any precautions or sound prove. 
Using ICA technique airborne acoustic signals SNR was successfully .i~proved, .by 
minimizing background noise, thus the ability of power spectrum analysIs In detectIng 
valve clearance fine changes was enhanced. 
References 
Albarbar, A., Alhashmi, S., Gennish, R., Gu, F., and Ball, A. (2004) "Adaptive 
Noise Canceling for Enhancing Diesel Engine Air-Borne Acoustic Signal to. No.ise 
Ratio". The 17th International Congress & Exhibition on Condition Momt.onng 
And Diagnostic Engineering Management COMADEM 2004 International, 
Cambridge, UK. 
Amari S., Cichocki A., Yang H., (1996)" A New Learning Algorithm for Blind 
Source separation", Advances in Neural Information Processing System, pp. 
757-763, MIT Press, Cambridge MA,1996. 
Bell A., Sejnowski T., (1995) .. An Information-Maximization Approach to Blind 
Separation and Blind Deconvolution", Neural Computation, 7:1129-1159, 1995. 
Hayvarinen A. (1999) "Fast and Robust Fixed-Point Algorithms for Independent 
Component Analysis". IEEE trans. On Neural Networks Journal. 
Havarinen A. (1999) " Survey on Independent Component Analysis", On Neural 
Computing Surveys 2:94-128,1999. 
Havarinen A. (1999)" The Fixed-Point Algorithm and Maximum Likelihood 
Estimation for Independent Component Analysis" Neural Processing Letters, 
10(1):1-5. 
Li W., Gu F., Ball A.D., Leung A.Y., and Phipps C.E. (2001), .. A Study of.t~~ 
Noise from Diesel Engines Using the Independent Component AnalysIS , 
Mechanical Systems and Signal Processing (2001) 15(6), 1165-1184. 
110 
MECHATRONICS2004 
The 9th Mechatronics Forum International Conference Aug. 30 - Sept. 1, 2004, Ankara, Turkel 
Conductive Fabrics for Heating Applications 
AkifKaynak*, Eva Hakansson and Saeid Nahavandhi 
School of Engineering and Technology, Deakin University, Geelong, 3217, Australia 
Abstract 
Heat generation in polypyrrole coated polyethyleneterephthalate (pET)-Lycra® fabrics 
were studied: Fabric surface was coated by oxidation of pyrrole monomer in the 
presence of the substrate using ferric chloride as oxidant and antraquinone-2-sulfonic 
acid (AQSA) as dopant. The coated fabrics possessed high electrical ronductivity and 
were capable of heat generation. Surface resistance ranged from approximately 150 to 
500 Q/square. When SUbjected to a constant voltage of 24V, the current transmitted 
through the fabric decreased about 10% in 72 hours. An increase in resistance of 
conductive fabrics subjected to constant voltage was observed A maximum temperature 
of 4 lOC was achieved. 
1 Introdnction 
Conducting polymer films have poor mechanical properties, which limit their use in 
novel applications. This limitation can be avoided by allowing the polymerisation to take 
place on surface of textiles to produce conductive fabrics with good mechanical 
properties (Gregory and Kimbrell 1991). Surface resistivity of conductive textiles can be 
varied by controlling the reaction parameters and concentration of reactants (Child and 
Kuhn 1997), (Lin and Kaynak 2004), (Sutar et aI 2002). In a recent study, effects of 
synthesis parameters on the conductivity of polypyrrole coated polyester fabrics have 
been discussed (Kaynak and Beltran 2003). 
A continuous thin film of conducting polymer is formed on the fabric surface by 
oxidation of the pyrrole monomer in the presence of the substrate. Current will flow 
through these fabrics without incorporation of any wiring through them. The continuous 
conductive film also produces a more even flow of heat than that of fabrics containing 
wires. ConduGting polymer coated fabrics can be used in various applications such as 
localized use in garments in anatomically strategic sections of the body to protect vital 
organs from exposure to cold. Electrical conductivity of these materials changes with 
temperature and pressure hence suggesting applications in the area of sensors. In 
addition, possibility of printing conductive patterns on non conductive textile surfaces 
enables design and fabrication of numerous electronic textile products. 
There has been extensive research on synthesis and characterisation of conductive 
polymer coated textiles (Child and Kuhn 1997), (Gregory and Kimbrell 1989), (DeRossi 
et aI 1999), (Kuhn et aI 1995), (Samuelson and Druy 1986), (Chen et aI 1997), 
(Mohammed 1997). Also, kinetics of conductivity degradation of polypyrrole at elevated 
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temperatures have been thoroughly investigated (Sakkopoulos et al 1998), (Sixou et al 
1997), (Thieblemont et al 1994), (Munsted 1988), (Gazotti et al 1993). However, only a 
few brief reports have been published on the aspect of heat gener~tio~Jolly et al 199~), 
(Kukkonen et at 2001) In this paper preparation and characterizatIOn of conduct! ve 
polypyrrole coated synthetic fabrics for heat generation are presented 
2 Experimental 
2.1 Materials 
The PET-Lycra® was used as the fabric substrate. Pyrrole (96%) was used as the 
monomer, anthraquinone-2-sulfonic acid sodium salt monohydrate (AQSA~ (??%) as the 
dopant and i:rric chloride hexahydrate lfeCI3-6H20) (98%) as the oxidlZlng agent. 
Based on our earlier investigations on optimization of concentrations for conductivity 
(Kaynak and Beltran), 0.045 molll ofpyrrole, 0.027 molll of AQSAan~ 0.1 molll fe~c 
chloride were used in the polymerisation ofpyrrole. The use of anthraqumone-2-sulfomc 
acid has been ~own to achieve the lowest surface resistivity in polypyrrole coated 
textiles (Kuhn 1992). 
2.2 Synthesis 
Rectangular, stainless steel frames were used to apply biaxial stretch of around 20 % to 
the fabrics to observe the effect of stretching during polymerisation on the resistance of 
the fabric. Chemical polymerisation was carried out under static conditions at room 
temperature (23°C ± 2 0C)' and at 281°C ± 1 °C on unstretched and stretched samples for 
a period of 1 and 3 hours respectively. Occasional stirring was performed A liquor ratio 
of 1:150 was used during the reaction. Prolonged static reaction conditions resulted in 
excessive bulk polymerisation, which gave rise to non-adherent polymer precipitates on 
the conducting polymer coating. Washing is followed by drying at 105°C for 30 minutes. 
Resistivity measurements were carried out after conditioning the coated samples in 
ambient laboratory conditions. 
2.3 Resistivity Measurements 
The AA TCC (American Association of Textile Chemists and Colourists) test method 76-
1995 was used to measure the surface resistance of the samples. The test probe with two 
rectangular copper electrodes (20x30 mm) separated by 20 mm was placed on the 
sample (30x60 mm) and pressed onto the fabric by ION. 
The measured resistance was multiplied by a factor of 1.5 (dlw) to convert the resistance 
to surface resisti vity: 
(1) 
Where, R is the resistance in ohms, Rs is the sheet resistance in ohms/square, d is the 
distance between electrodes and w is the width of each electrode. 
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2.4 Connections 
To achieve flexibility very fine cabling or non-metallic connectors are preferred. One 
suggestion for efficient contacts is to use conductive metal clad aramid fibres as wires 
(Kukkonen et al 2001). Post and Orth (1997) report different kinds of connections 
between conductive fabrics and electronic components. Using conductive polymer 
?oated yarns or ~etallic yarns in conjunction with gripper snaps and/or buttons may 
Improve the electrIcal contact. Two types of connections were used; stitching fine wires 
onto the fabric and fastening the cables with metallic rivets/studs respectively. 
Figure 2. Pol~pyrrole coated fabric sample where the connections are made by 
sewmg across the strands and press-studs respectively. 
Press-studs gave rise to circuits with the lowest increase in contact resistance and 
repeatable results. This method of creating connections is quick and easy. However, the 
studs must be isolated to prevent shock while in contact with skin. The connections can 
be detachable if studs are used. 
2.5 Temperature Measurements 
A temperature map of the fabric at a given time Q)uld be produced with the thermal 
camera Fluctuati?ns in temperature due to edge effects and unevenness in coating can 
be detected by usmg the thermal camera Such mapping also give s valuable information 
when comparing different electrical contacts with respect to temperature distribution 
around the CQlltact areas and throughout the fabric. Thermal imaging was carried out by 
a JAD~-MW Advanced Thermography Station (CEDIP Infrared Systems), with a 
resolutIOn of ± I°C. The fabric was connected to aDC power supply set at 24 V and DC 
curr~nt measurement was performed simultaneously with the thermal imaging. Dlta 
loggmg of the DC current was made at 30 minute intervals during the experiment. 
2.6 SEM Imaging 
Scanning electron microscopy-imaging was carried out using a LEOl530 microscope. 
~s tt:e samples were electrically conductive, they were not coated with gold for SEM 
Imagl~g. The edges of the samples were covered with conductive silver paint to prevent 
chargmg. 
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2 Results 
Oxidation of the pyrrole causes polymerisation to take place on the fabric surface 
resulting in a thin homogeneous conductive film. Polymerisation also takes place in the 
solution, which is referred to as bulk polymerisation. The bulk polymer particles deposit 
on the fabric at prolonged reaction times and at higher reaction temperatures 
(Malinauskas 2001) but they do not adhere to the substrate surface. Reduction of bulk 
polymerisation and optimization of reaction parameters have been dscussed in our 
previous publications (Lin and Kaynak), (Kaynak and Beltran). Bulk polymerisation 
should be minimised whereas the polymerization at the substrate surface should be 
enhanced to achieve a smooth and adherent coating. The largest coating thickness is 
achieved at room temperature with the stretched samples. Although, polymerisation at 
the lower temperature yields thinner films, the surface resistance values are slightly 
higher. This may be attributed to a more ordered chain structure achieved by synthesis 
performed at low temperature (Rodriguez 1997). 
SEM micrographs showed that bulk polymerised particles remain mainly in the yarn 
cross-overs since it is harder to remove these particles from those sites by rinsing (Figure 
4). Synthesis performed at room temperature, combined with a long coating time, result 
in extensive particle deposition between the fibres. The amount of bulk polymer particles 
in the crossovers decreases as the reaction time decreases (Figure 5). 
Figure 4 Dendritic deDo~;::~O~f~po:ly~p~y~r~rO~I~e~a~t~fi~b~re~cr~o~s~so~v~e~r~s .. Synthesis time: 3hours. 
Temperature: 23°C. PET-Lycra® fabric. 
Figure 5 A shorter time gives less bulk polymer and a smoother surface. 
Synthesis time: I hour. Temperature: 23°C. PET-Lycra® fabric. 
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. 'ma es are due to charging in areas with low or no 
White patches present III the SEM I g It f a lack of polypyrrole coating and can .be 
conductivity. Such patches appear as a r;su 0 1 coated for 3 hours show extensive 
seen in Figure 4. SE!'1 micrograph 0 s:!i~~ resistance of thicker coatings (Figure 
charging, which is attributed to the l~wer a 5) f the thinner coatings achieved at shorter 
4). Conversely, SEM micrographs (FIgure h; dlarging effects as these polypyrrole 
polymerisation times (1 hour) show muc ess 
coatings have better abrasion resistance. 
. . ases with reaction time. The increase in 
The surface roughness of the coatlll!,~ mcre th 01 mer formed in the bulk and to the 
roughness is attributed to both depositions of ef:p Y (F'gure 6) A smoother surface 
ak· I on the fibre sur ace I· . '11 nodular growth t mg pace . at es (F'lgure 1) However, there IS stl 
. . ed t I r reactIOn temper ur . .' 
morphology IS obtam a ~,:e h I f n since the polymerisation time IS long. 
considerable polymer depOSitIOn from t e so u 10 
12-
.' oughness is more pronounced at a high 
Figure 6 Effect of bulk polymensatlon on r f time Synthesis time: 3 hours. 
polymerisation temperature and longer reac IOn . 
Temperature: 23°C. 
. oother fibre surface. Synthesis time: 3 
Fi ure 7 A decrease in temperature results m a sm . ° 
g hours. Temperature.4 C. 
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When both temperature and reaction time are reduced, the surface of the coating is 
significantly smoother. However, slight improvements in the surface morphology and 
conductivity do not justifY a costly low temperature coating in a commercial process. 
Long reaction times do not cause substantial improvement in electrical conductivity. In 
addition, prolonged exposure to reactants will have a detrimental effect on the surface 
roughness, flexibility and hence the handle of the fabric. Abrasion resistance of the 
coating is also reduced due to increased coating thickness at long reaction times. 
Exposure to constant voltage over 72 hours did not affect the surface morphology of the 
conductive polymer coatings. Surface resistivity of polypyrrole coated fabrics ranged 
from approximately 150 to 500 Q/? (ohms/square). The stretching of the fabric during 
reaction increases the penetration of the reactants into the elastic substrate, and when the 
tension is released after synthesis, a better electrical contact between the fibres is 
achieved The small increase in conductivity achieved by this way does not justifY the 
introduction of a mechanical process to achieve biaxial stress during the coating. 
Variations in resistivity occurring within the same sample due to slight unevenness in 
coating are attributed to static synthesis conditions. 
Connection between conductive fabric and power source causes an increase in the total 
circuit resistance. Connections made by stitching are less efficient than connections 
made with studs or rivets. Resistance of circuits where stitching was performed was 
generally twice as high as the resistance of the plain fabric, while resistance of circuits 
with studs/rivets was approximately 25 % higher. Plating the contact areas on the 
conducting fabrics with gold prior to stitching on the copper strands gave approximately 
IS % lower contact resistance. 
Initial temperature increase in the conductive fabric when a voltage is applied is related 
to the heat generated for a given set of experimenta1 parameters. The temperature change 
has two distinct phases; an initial sharp rise during approximately the first 100 seconds, 
followed by a levelling-off at about 400 seconds (Figure9). 
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Figure 9 Temperature increase in polypyrrole coated conductive PET-LycraID during 
initial 1200 seconds after applied voltage (24 V). 
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. in ut to the sample exceeds the total 
During the initial stage, he electrical ener~ Pd' f and conduction and therefore 
thermal energy losses in the forms o~ convectlon~~: t~~~~rature rises until it is balanced 
the temperature rises. The heat loss mcr~~~~~lizes as seen in Figure 9. The max~mum 
by the heat generated and the temperatu ·th almost constant ?T. A maximum 
and mean temperatures follo~ the s~ehpa1®':ldo;::-d polypyrrole coated fabrics. In a 
temperature of 41°C was achieved In t e . ase ofpolypyrrole coated polyester-
b th th s the temperature mcre ak previous report y e au or.' stems was tested (Hakansson and Kayn 
Lycra substrates using four dl~erent d:an\~ A QSA possessed the highest electrical 
2004). ~e PPy coatedhfabr~c~dO~ighe:tl temperature increase of the four different 
conductiVity and also s om: e 
dopant systems tested 
. d tern erature profiles along selected horizontal aI?d 
Sequential thermal l:nages an p I rrole coated fabric can be seen In 
diagonal lines in the Images of AQSA dopedt po yp~ time along with edge effects can 
Figure 10 a-c. The c?an?e oftemp~~~~~a~~~our maps and temperature profiles in 
be seen in the followmg Im~es. I~ IS h' ss-studs reflect IR and therefore appear 
the vicinity of edges are mlsleadt? ast~ e ~~ temperature values are given in degrees 
cold, which is contrary to the rea sltua 10~ I d around the left edge for the diagonal 
Celsius. The higher temperature p~ofile dlsPh~ye ed in that region in this particular case. 
. . d t th lower contact resistance ac lev 'bl Ime IS ue 0 e . h "'ty fthe contacts points are pOSSI e. 
Variations in temperature m t e vlcml 0 
,31~ 
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(b) Mean temperature: 3 6.0°C. Minimum: 33.8°C. Maximum: 36.7°C. Standard 
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0.91°C 
Figure 10 a-c Th~rmal images and the temperature profiles of 
the selected hnes across the fabric. Thermal images were 
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taken after 1 (a), 15 (b) and 300 (c) seconds respectively 
after the application of a constant voltage of 24 V. 
When subjected to a constant voltage of24 V, current decreased about 10% in 72 hours. 
The current transmitted through the fabric decreased steadily during experiment (Figure 
II). The decrease in current from 67 rnA to 60 rnA was accompanied by an increase in 
the surface resistance of the fabric with time. Exposure to constant voltage over extended 
periods caused decrease in the surface resistivity of the fabrics and hence reduced the 
heat generating capacity of the material. The most likely cause of this is oxidative 
degradation of the conductive polymer which causes loss of conjugation of the polymer 
backbone. 
I 
I 
I 
I 
I 
. 
Figure 11. Current change with time under constant voltage (24V). 
The power density per unit area was evaluated by using equation (2) and shows a 
maximum value of 430 W/m2• Since the power density is proportional to current flowing 
through the fabric, the power density per unit area decreased approximately 10 % after 
being subjected to a constant voltage of24V for 72 hours. 
3 Conclusions 
Antraquinone-2-sulfoni(;,. acid (AQSA) sodium salt doped polypyrrole coating was 
effective in heat generation For the reaction parameters employed, the amount of bulk 
polymer formation during synthesis of conductive fabrics was rather high. Long 
polymerisation times, room temperature coating, as well as ligh liquor ratio led b 
excessive polymerisation in solution, which precipitated on the surface of the substrate 
and on the surface of the reaction vessel. This was clearly visible in the SEM 
micrographs. Type of connections had an influence on the heat generated by these 
conductive fabrics. Press studs were more effective than stitching the wires on to the 
substrate. It is important to improve the design of the connections with respect to contact 
resistance and ease of use in order to achieve commercially viable applications of these 
fabrics. 
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